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Abstract 
 
A combination of high resolution thermogravimetric analysis coupled to a gas 
evolution mass spectrometer combined with infrared emission spectroscopy has been 
used to study the thermal decomposition of synthetic hydrotalcites honessite 
(Ni6Fe2(SO4)(OH)16.4H2O) and mountkeithite (Mg6Fe2(SO4,CO3)(OH)16.4H2O) and 
the cationic mixtures of the two minerals. High resolution thermal analysis shows the 
decomposition takes place in 5 steps.  A mass loss step is observed over the 125 to 
150 °C temperature range and is attributed to the mass loss due to dehydration.  A 
second mass loss step is observed over the 260 to 330 °C temperature range and is 
attributed to dehydroxylation. The third mass loss occurs from 350 to 460°C, and is 
assigned to a loss of oxygen.   The fourth mass loss step is ascribed to the loss of 
sulphate from the hydrotalcite and occurs over the 676 to 820 °C temperature range.  
A mechanism for the thermal decomposition is proposed based upon the loss of water, 
hydroxyl units, oxygen and sulphur dioxide.   
 
Keywords: dehydration, dehydroxylation, hydrotalcite, honessite, mountkeithite, 
high-resolution thermogravimetric analysis 
 
1. Introduction 
 
 Interest in the study of hydrotalcites results from their potential use as 
catalysts, adsorbents and anion exchangers [1-5].  The reason for the potential 
application of hydrotalcites as catalysts rests with the ability to make mixed metal 
oxides at the atomic level, rather than at a particle level. Such mixed metal oxides are 
formed through the thermal decomposition of the hydrotalcite [6, 7].  Hydrotalcites 
may also be used as a components in new nano-materials such as nano-composites 
[8].  Incorporation of low levels of hydrotalcite into polymers enables polymeric 
materials with new and novel properties to be manufactured.  There are many other 
uses of hydrotalcites. Hydrotalcites are important in the removal of environmental 
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hazards in acid mine drainage [9, 10].  Hydrotalcite formation  also offer a mechanism 
for the disposal of radioactive wastes [11].  Hydrotalcite formation may also serve as 
a means of heavy metal removal from contaminated waters [12]. Recently Frost et al. 
showed the thermal analysis patterns of several natural hydrotalcites namely 
carrboydite and hydrohonessite obtained from mineral deposits in Western Australia. 
These hydrotalcites are readily synthesised by a co-precipitation method [13-15].  
Further a wide range of hydrotalcites based on sulphate, chloride and carbonate have 
been found in the MKD5 Nickel deposit, Mount Keith, Western Australia (Details 
from Dr Ben A. Grguric, Senior Project Mineralogist, Western Mining Coorporation). 
In order to understand the complex relationships between iowaite/pyroaurite, 
stichite/woodallite and hydrotalcite/mountkeithite series, it is necessary to synthesise 
the minerals and determine the characteristics of the pure phase minerals. 
 
  Hydrotalcites, or layered double hydroxides (LDH) are fundamentally anionic 
clays, and are less well-known than cationic clays like smectites [16, 17]. The 
structure of hydrotalcite can be derived from a brucite structure (Mg(OH)2) in which 
e.g. Al3+ or Fe3+ (pyroaurite-sjögrenite) substitutes a part of the Mg2+. This 
substitution creates a positive layer charge on the hydroxide layers, which is 
compensated by interlayer anions or anionic complexes [18, 19]. In hydrotalcites a 
broad range of compositions are possible of the type [M2+1-xM3+x(OH)2][An-]x/n.yH2O, 
where M2+ and M3+ are the di- and trivalent cations in the octahedral positions within 
the hydroxide layers with x normally between 0.17 and 0.33. An- is an exchangeable 
interlayer anion [20].  In the hydrotalcites hydrohonessite and mountkeithite, the 
divalent cations are Ni2+ and Mg2+ respectively with the trivalent cation being Fe3+.  
There exists in nature a significant number of hydrotalcites which are formed as 
deposits from ground water containing Ni2+ and Fe3+ [21]. These are based upon the 
dissolution of Ni-Fe sulphides during weathering.  Among these naturally occurring 
hydrotalcites are carrboydite and hydrohonessite [22, 23].  Related to hydrohonessite 
is the mineral mountkeithite in which all or part there of, the Ni2+ is replaced by Mg2+. 
These hydrotalcites are based upon the incorporation of sulphate into the interlayer 
with expansions of 10.34 to 10.8 Å.  Normally the hydrotalcite structure based upon 
takovite (Ni,Al) and hydrotalcite (Mg,Al) has basal spacings of ~8.0 Å where the 
interlayer anion is carbonate.  If the carbonate is replaced by sulphate then the mineral 
carrboydite is obtained. Similarly reevesite is the Ni,Fe hydrotalcite with carbonate as 
the interlayer anion, which when replaced by sulphate the minerals honessite and 
hydrohonessite are obtained.  
 
The use of thermal analysis techniques for the study of the thermal 
decomposition of hydrotalcites is not common [24]. Heating sjoegrenite or pyroaurite 
at <200 °C caused the reversible loss of H2O. At 200-250 °C on static heating, or 200-
350 °C on dynamic heating, very little H2O or CO2 were lost, but changes in the 
infrared spectrum and DTA effects were observed [24].  To date the number of 
thermal analysis studies of these minerals is very limited. Recent thermal analysis 
studies of the natural minerals were complicated by the formation of mixed anionic 
species; i.e. a mixture of hydrohonessite and mountkeithite was formed. In this work 
we have synthesised these minerals and now report the thermal analysis of synthetic 
hydrohonessite and mountkeithite. 
 
2. Experimental 
Comment [RLF1]: Details 
from Dr Ben A. Grguric, Senior 
Project Mineralogist, Western 
Mining Coorporation 
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2.1 Synthetic Minerals 
 
Minerals were synthesised by the co-precipitation method. Hydrotalcites with 
a composition of (Ni,Mg)6Fe2(OH)16(SO4).4H2O were synthesised.  Two solutions 
were prepared, solution 1 contained 2M NaOH and 0.125M Na2 SO4, solution 2 
contained 0.75M Ni2+ (Ni(NO3)2.6H2O) and 0.75M Mg2+ (Mg(NO3)2.6H2O) in the 
appropriate ratio, together with 0.25M Fe3+ (as (Fe(NO3)3.9H2O)) . Solution 2 in the 
appropriate ratio was added to solution 1 using a peristaltic pump at a rate of 40 
cm3/min, under vigorous stirring, maintaining a pH of 10. The precipitated minerals 
are washed at ambient temperatures thoroughly with water to remove any residual 
nitrate.  If the solution 1 contains Ni2+ only then the mineral hydrohonessite is 
formed; if the solution contains Mg2+ only then mountkeithite is formed. The 
composition of the hydrotalcites was checked by electron probe analyses.  The phase 
composition was checked by X-ray diffraction. 
2.2 Thermal Analysis 
 
 Thermal decomposition of the hydrotalcite was carried out in a TA® 
Instruments incorporated high-resolution thermogravimetric analyzer (series Q500) in 
a flowing nitrogen atmosphere (80 cm3/min). Approximately 50mg of sample was 
heated in an open platinum crucible at a rate of 2.0 °C/min up to 500°C. No 
preparation was required other than grinding the sample up finely.  With the quasi-
isothermal, quasi-isobaric heating program of the instrument the furnace temperature 
was regulated precisely to provide a uniform rate of decomposition in the main 
decomposition stage. The TGA instrument was coupled to a Balzers (Pfeiffer) mass 
spectrometer for gas analysis. Only selected gases were analyzed. 
 
2.3 Infrared Emission Spectroscopy 
 
FTIR emission spectroscopy was carried out on a Nicolet spectrometer 
equipped with a TGS detector, which was modified by replacing the IR source with 
an emission cell. A description of the cell and principles of the emission experiment 
have been published elsewhere.  8-12 13-15Approximately 0.2 mg of basic copper 
phosphate mineral was spread as a thin layer (approximately 0.2 microns) on a 6 mm 
diameter platinum surface and held in an inert atmosphere within a nitrogen-purged 
cell during heating.  
 
In the normal course of events, three sets of spectra are obtained: firstly the 
black body radiation over the temperature range selected at the various temperatures, 
secondly the platinum plate radiation is obtained at the same temperatures and thirdly 
the spectra from the platinum plate covered with the sample.  Normally only one set 
of black body and platinum radiation is required. The emittance spectrum (E) at a 
particular temperature was calculated by subtraction of the single beam spectrum of 
the platinum backplate from that of the platinum + sample, and the result ratioed to 
the single beam spectrum of an approximate blackbody (graphite).  The following 
equation was used to calculate the emission spectra. 
 
 4
CPt
SPtE −
−−= log*5.0  
 
This spectral manipulation is carried out after all the spectral data has been 
collected.  The emission spectra were collected at intervals of 50°C over the range 
200 - 750 °C.   The time between scans (while the temperature was raised to the next 
hold point) was approximately 100 seconds.  It was considered that this was sufficient 
time for the heating block and the powdered sample to reach temperature equilibrium.  
The spectra were acquired by coaddition of 64 scans for the whole temperature range 
(approximate scanning time 45 seconds), with a nominal resolution of 4 cm-1. Good 
quality spectra can be obtained providing the sample thickness is not too large.  If too 
large a sample is used then the spectra become difficult to interpret because of the 
presence of combination and overtone bands. Spectral manipulation such as baseline 
adjustment, smoothing and normalisation was performed using the GRAMS® 
software package (Galactic Industries Corporation, Salem, NH, USA).  
 
 
3. Results and discussion 
 
3.1 X-ray diffraction 
 
 The X-ray diffraction patterns of the synthesised reevesite and mixed cationic 
honessites are shown in Figure 1.  The XRD patterns clearly show the hydrotalcites 
are layered structures with interspacing distances of around 9.0 Å.  Some subtle 
variations in the d(001) spacing is observed.  The hydrohonessite 
(Ni6Fe2(SO4)(OH)16.4H2O) has a d(001) spacing of 9.24 Å.  Upon replacement of 1 
mole of Ni with Mg, the hydrohonessite ((MgNi5Al2(SO4)(OH)16.4H2O) is formed. 
The d spacing decreases to 9.20 Å.  Upon replacement of a second mole of Ni, the 
hydrohonessite ((Mg2Ni6Al2(SO4)(OH)16.4H2O) is formed.  The d-spacing decreases 
to 9.13 Å. With the equimolar mixed hydrotalcite ((Mg3Ni3Al2(SO4)(OH)16.4H2O) the 
d spacing reaches 8.94 Å. Further increasing the Mg content results in an expansion of 
the interlayer space to 9.23 Å.  Previous studies have shown that the natural minerals 
have an interlayer space of 10.8Å [25-27].  The effect of cation replacement of Ni by 
Mg causes a decrease in the interlayer spacing. Previous studies have suggested that 
only the size of the cation effected the interlayer space. The end-members of 
hydrohonessite and mountkeithite have the largest interlayer spacing. A previous 
study of synthetic hydrohonessite also showed the interlayer space was ~9.0 Å [27].  
However honessite has a spacing of around 9.0 Å, so it is likely that the series 
honessite-mountkeithite rather than hydrohonessite-mountkeithite has been 
synthesised in this work.   
 
3.2 High Resolution Thermogravimetric Analysis and Mass spectrometric 
analysis 
 
 The high resolution thermogravimetric analysis (HRTG) for the synthetic 
honessite-mountkeithite series are shown in Figure 2.  The evolved gas mass 
spectrometric curves are shown in Figure 3.  The results of the analyses of the mass 
loss and temperature of the mass loss are reported in Table 1. The temperatures of the 
evolved gas MS mass gain are reported in Table 2.  Several mass loss steps are 
observed. A mass loss step is observed over the 125 to 150 °C temperature range and 
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is attributed to the mass loss due to dehydration.  A second mass loss step is observed 
over the 260 to 330 °C temperature range and is attributed to dehydroxylation. The 
third mass loss occurs from 350 to 460°C, and is assigned to a loss of oxygen.   The 
fourth mass loss step is ascribed to the loss of sulphate from the hydrotalcite and 
occurs over the 676 to 820 °C temperature range.  A second dehydroxylation step is 
observed for some of the hydrotalcites.  The mass loss step for the loss of sulphate 
occurs over a wide temperature range. The % mass loss for dehydration varies from 
7.3% up to 8%.  This mass loss may be compared with a theoretical mass loss of 7.96 
for Ni6 to 10.34 for Mg6.  The experimental % mass loss during dehydroxylation 
varies from 14.5% up to 24.6%.  The theoretical mass loss for dehydroxylation varies 
from 15.9 to 20.6%.   The experimental % mass loss during de-oxygenation varied 
from 2.82 to 3.83%. The theoretical % loss for this loss was from 3.54 to 4.59%.  
There was a small amount of variation in these results.  This could be due to 
differences in the actual amount of oxygen lost.  The temperatures for the loss of 
sulphate vary from 676 to 820 °C.  There was a considerable difference between 
theoretical and actual loss of sulphate.  This may be due to some sulphates being 
bound more strongly to the hydrotalcite lattice.  Further not all sulphate may be taken 
up in the hydrotalcite formation; some amorphous iron phases may have formed. It 
was observed that after heating, the samples was no longer finely ground, but rather 
fused together in a solid mass.  Because of this, there may have been some sulphates 
embedded in the mass which could not evolve as a gas within the temperature range 
of the experiment.     Figure 2 shows certain trends in the mass loss steps: (a) the 
temperature of dehydration increases with increased substitution. The temperature 
increases for Mg3Ni3 and then decreases. (b) The temperature of dehydroxylation 
increases as the Mg content is increased. (c) The temperature for the loss of sulphate 
increases with Mg content.  
 
 The mass spectrometric results of the evolved gases are shown in Figure 3.  
The MS of evolved water vapour clearly shows dehydration occurring in three steps. 
The first mass gain occurs at low temperatures (Table 2).  The temperatures vary 
between 46 and 60 °C.  The second mass gain occurs in the temperature range 130 to 
165 °C. This temperature appears to be a function of the composition of the 
hydrotalcite and increases with increasing substitution.  The temperature of this 
second mass gain of evolved water vapour is in excellent agreement with the values 
determined by HRTG.  In the MS curves for O=16, evolved gas of oxygen occurs 
over the 390 to 456 °C temperature range. The temperature appears to be composition 
dependent and increases with Mg content.  This evolved gas appears to coincide with 
a small mass loss step observed at around the 400 °C temperature range in the HRTG 
steps.  Figure 3 shows the mass spectra for S or O2 (32), SO2 or S2 (64) and SO (48).  
The temperatures for the loss of sulphate as SO2 are reported in Table 2.  Some 
variation in the temperature for the loss of SO2 is observed. The temperatures vary 
between 683 (Ni6) to 830 for Mg6.  The values are in good agreement with the results 
of HRTG. 
 
Mechanism for the thermal decomposition of honessite-mountkeithite series. 
 
Step 1 Low temperatures 
(Ni(6-x)Mgx)  Fe2(SO4)(OH)16.4H2O → (Ni(6-x)Mgx)  Fe2(SO4)(OH)16 + 4H2O 
Step 2 Temperature range 130 to 160 °C 
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(Ni(6-x)Mgx)  Fe2(SO4)(OH)16  →  (Ni(6-x)Mgx)Oy/2  Fe2(SO4)(OH)16-y  + y/2H2O 
Step 3 Temperature range 268-329 °C 
(Ni(6-x)Mgx)Oy/2  Fe2(SO4)(OH)16-y   →  (Ni(6-x)Mgx)O8  Fe2(SO4) + (16-y)/2H2O 
Step 4 Temperature range 390 to 456 °C. 
(Ni(6-x)Mgx)O8  Fe2(SO4) →  (Ni(6-x)Mgx)O7  Fe2(SO3)  + O2  
Step 5 temperature range 680 to 830 °C. 
(Ni(6-x)Mgx)O7  Fe2(SO3)  → (Ni(6-x)Mgx)O5  Fe2O3 + (SO2)  
 
The five steps listed above show the chemical reactions and the appropriate 
temperature range for the thermal decomposition.  The reactions show that in order to 
make a mixed metal oxide based upon Ni,Mg and Fe, a temperature of 800 °C must 
be reached. 
 
 Recently the thermal analysis of natural carrboydite and 
hydrohonessite were undertaken.  For the decomposition of natural hydrohonessite six 
decomposition steps were observed. The problem with using the natural sample is that 
a mixture of interlayer anions complicates the thermal decomposition. In the case of 
the natural hydrohonessite, both sulphate and carbonate anions were found in the 
interlayer. For the synthetic honessite, this difficulty is removed. For the natural 
honessite, three weight loss steps were observed at 71, 95.6 and 137 °C and are 
attributed to dehydration.  Two weight loss steps were observed for natural honessite 
at 294 and 329 °C with a total weight loss of 10.5% attributed to dehydroxylation.  
The weight loss step is observed at 646 °C, and is attributed to loss of sulphate. This 
temperature is less than that observed for the synthetic hydrohonessites.  The results 
for the synthetic honessite correspond well with those for the natural honessite. In the 
study of natural honessite, it was not obvious that oxygen was one of the evolved 
gases; whereas for the synthetic honessites, oxygen is evolved in the 390 to 456 °C 
temperature range.   
 
3.3 Infrared emission spectroscopy 
 
The thermal decomposition of the synthetic hydrotalcites can be monitored 
using vibrational spectroscopy and a thermal stage.  One technique of doing this is by 
infrared emission spectroscopy.  The infrared emission spectra of the hydroxyl 
stretching region of selected honnesite and mountkethite cationic mixtures are shown 
in Figure 4.  The analysis of the infrared spectroscopic analyses are reported in Table 
3. The spectra at 100°C show a low signal to noise ratio due to low thermal emission 
energy.  The spectra for Mg6 and Ni2Mg4 cationic mixtures show a series of peaks 
between 2980-2850cm-1 which are caused by adsorbed isopropanol.  Isopropanol was 
used to suspend the sample to give an even distribution of sample for IR spectroscopic 
analysis.  There was no isopropanol required for the other two samples.    
 
Figure 4 clearly shows the loss of both water and hydroxyls as thermal 
decomposition of the hydrotalcite takes place.  The Mg6 hydrotalcite (at 300 °C) 
shows four curve resolved bands at 3677, 3606, 3512 and 3374 cm-1 .  At 400 °C, only 
two bands are observed at 3610 and 3494 cm-1. At 600 °C no intensity remains. One 
probable assignment is that the first two bands are assignable to OH stretching 
vibrations from MgOH and AlOH units and the last two bands to water OH stretching 
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bands. For the Ni6 hydrotalcite, at 300 °C, bands are observed at 3656, 3559 and 3441 
cm-1 (Figure 4d).  The first band is attributed to the NiOH stretching vibration; the 
other two bands are due to water OH stretching vibrations.  As Mg is introduced into 
the Ni6 hydrotalcite increased complexity is observed in the OH stretching region. 
For the Ni4Mg2 hydrotalcite (at 300 °C) bands are observed at 3665, 3602, 3522, 
3393 and 3189 cm-1 (Figure 4c).  Table 3 shows the relative intensity of these bands 
decreases with temperature increase.   Figures 5 and 6 show the changes in the 
infrared emission spectra in the 1300 to 1700 cm-1 and the 600 to 1280 cm-1 region.   
 
4.  Conclusions 
 
 The HRTGA of the two related minerals honessite and mountkeithite have 
been studied. These hydrotalcite minerals show at least five mass loss steps ascribed 
to (a) water-desorption (b) dehydration (c) dehydroxylation (d) loss of oxygen (e) de-
sulphating.   HRTG shows that (a) the temperature of dehydration increases with 
increased substitution. The temperature increases for Mg3Ni3 and then decreases. (b) 
The temperature of dehydroxylation increases as the Mg content is increased. (c) The 
temperature for the loss of sulphate increases with Mg content.  Mechanisms for the 
thermal decomposition of the honessite-mountkeithite series are proposed. The effect 
of cation substitution reduces the interlayer distance.   
 
 Infrared emission spectroscopy shows the changes in the molecular structure 
of the hydrotalcites as thermal decomposition takes place. IES of the hydroxyl 
stretching region shows the temperatures at which no intensity remains in the OH 
stretching vibrations. These temperatures are in good agreement with the results of the 
thermal analysis. 
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Table 1 Results of the HRTG of synthetic honessite-mountkeithite 
Honessite/ 
mountkeithite 
% mass 
loss  
step1 
Theoretical 
% mass 
loss 
Temp % mass 
loss  
step 2 
Theoretical 
% mass loss
temp % mass 
loss  
step 3 
Theoretical 
% mass 
loss 
temp % mass 
loss  
step 4 
Theoretical 
% mass loss 
temp 
 Dehydration dehydroxylation de-oxygenation de-sulphation 
Ni6 9.5 7.96 133 16.37 15.93 268 5.55 3.54 379 6.33 7.08 676 
Ni5Mg 7.5 8.28 135 16.6 16.56 285 3.43 3.68 400 3.83 7.36 786 
Ni4Mg2 8.97 8.62 125 14.5 17.24 284 5.17 3.83 353 3.45 7.66 770 
Ni3Mg3 8.51 9.00 150 19.12 17.98 295 5.87 4.00 416 2.53 7.99 811 
Ni2Mg4 9.20 9.40 163 20.74 18.79 313 3.13 4.18 428 3.63 8.35 803 
NiMg5 7.38 9.84 148 22.01 19.67 328 3.49 4.37 460 3.23 8.74 831 
Mg6 8.06 10.32 125 24.62 20.64 329 5.15 4.59 421 2.82 9.17 820 
 
Table 2 Results of the evolved gas mass spectrometry of synthetic honessite-mountkeithite 
Honessite/ 
Mountkeithite 
Temperature Temperature 
 
Temperature 
 
Temperature 
 
 dehydration dehydroxylation de-oxygenation desulphation 
Ni6 140 265 390 683 
Ni5Mg 136 284 410 803 
Ni4Mg2 130 283 414 777 
Ni3Mg3 150 294 443 823 
Ni2Mg4 165 307 456 777 
NiMg5 147 324 502 800 
Mg6 131 322 446 830 
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Table 3 Results of the infrared emission spectroscopic analysis of synthetic hydrotalcites honnesite and mountkeithite and their cationic 
mixtures 
 
100 200 300 400 Temperature 
Band 
Centre 
/cm-1 
Band 
Width 
/cm-1 
Relative 
Intensity 
%  
Band 
Centre 
/cm-1 
Band 
Width 
/cm-1 
Relative 
Intensity 
%  
Band 
Centre 
/cm-1 
Band 
Width 
/cm-1 
Relative 
Intensity 
%  
Band 
Centre 
/cm-1 
Band 
Width 
/cm-1 
Relative 
Intensity 
%  
Ni6 1552 74 3.36 
1487 69 2.34 
1422 47 1.49 
1363 71 3.40 
1294 30 0.42 
1189 52 3.94 
1119 100 24.9 
1030 54 8.86 
927 234 39.9 
753 102 4.83 
703 55 3.64 
676 27 1.92 
661 12 0.88  
1796 46 0.32 
1769 21 0.15 
1717 29 0.26 
1553 66 5.29 
1484 82 6.90 
1421 32 1.53 
1385 44 2.41 
1351 30 1.22 
1292 24 0.57 
1189 68 13.56 
1113 99 35.88 
1029 31 8.56 
1001 101 17.46 
912 91 5.48 
741 19 0.41  
3656 36 1.57 
3559 136 8.29 
3441 209 15.39 
2173 34 0.30 
1538 55 1.71 
1478 90 6.58 
1406 55 2.09 
1309 30 0.46 
1283 45 1.02 
1178 109 19.78 
1100 79 20.04 
1029 88 9.36 
964 118 10.41 
890 89 2.82 
727 15 0.16  
3653 37 0.88 
3543 168 12.37 
1514 57 3.34 
1460 64 3.98 
1412 43 1.85 
1301 54 0.72 
1192 84 15.94 
1108 92 28.72 
1026 140 11.54 
1004 106 11.45 
914 94 7.99 
870 15 0.26 
840 29 0.66 
739 16 0.19 
728 9 0.12  
Ni4Mg2 2194 37 2.51 
1574 82 13.30 
1508 112 17.62 
1387 99 10.46 
1248 24 1.63 
1224 39 5.70 
1193 47 8.41 
1144 75 20.90 
1098 75 6.08 
3664 67 1.77 
3587 137 7.81 
3471 230 23.30 
3257 394 23.65 
2957 549 11.43 
2189 39 0.90 
1585 74 4.08 
1519 108 4.87 
1406 76 2.73 
3665 66 3.67 
3602 114 4.78 
3522 163 7.85 
3393 239 21.14 
3189 267 11.40 
2939 329 9.41 
2186 41 0.77 
1567 107 7.72 
1502 63 0.96 
3662 58 2.99 
3580 146 7.23 
3449 247 16.39 
3159 290 3.40 
2183 48 1.58 
1586 67 4.48 
1528 91 7.16 
1405 129 12.78 
1290 83 3.46 
 11
1044 73 11.69 
970 34 1.27 
800 21 0.44  
1351 55 1.03 
1247 25 0.48 
1227 37 1.25 
1196 55 3.25 
1136 87 8.73 
1045 76 4.29 
968 37 0.45  
1390 168 9.55 
1292 34 0.23 
1241 42 1.11 
1206 66 3.51 
1146 106 4.79 
1127 112 7.36 
1036 78 4.83 
967 49 0.80 
797 22 0.12  
1239 38 1.29 
1202 86 14.95 
1133 88 13.96 
1041 112 8.48 
957 59 1.69 
795 19 0.16  
Ni2Mg4 1964 159 3.93 
1588 81 18.81 
1529 95 23.75 
1460 23 0.64 
1416 72 5.45 
1356 63 10.51 
1333 26 1.16 
1309 34 4.05 
1286 22 0.97 
1203 40 2.88 
1164 56 9.42 
1127 46 3.56 
1088 85 10.50 
1031 48 2.14 
984 38 0.80 
841 72 0.92 
803 42 0.49  
3693 39 1.67 
3665 77 4.56 
3606 122 4.08 
3514 176 11.41 
3389 285 21.78 
3143 381 26.07 
2924 84 2.42 
2853 59 1.04 
2803 367 9.47 
1596 73 2.14 
1536 100 4.99 
1420 118 2.94 
1347 69 1.48 
1309 48 0.79 
1291 1 0.01 
1214 55 0.58 
1158 89 2.72 
1092 85 0.90 
1039 64 0.84 
822 55 0.10  
3692 50 1.86 
3652 80 3.45 
3591 123 3.65 
3506 180 11.29 
3370 273 16.41 
3121 385 11.43 
2953 51 1.95 
2927 28 0.68 
2905 44 1.02 
2857 62 3.14 
2186 50 0.35 
1592 88 5.00 
1510 150 13.15 
1416 79 3.19 
1353 102 6.45 
1242 36 0.65 
1212 72 3.77 
1143 98 7.09 
1054 89 4.53 
978 38 0.28 
847 38 0.37 
809 33 0.19 
791 24 0.09  
3662 88 2.96 
3560 179 5.09 
2191 90 1.34 
1586 72 9.75 
1521 112 17.48 
1410 112 17.77 
1237 38 3.07 
1202 60 7.51 
1139 93 18.52 
1048 92 14.90 
966 44 1.44 
846 10 0.07 
835 9 0.05 
798 9 0.05 
791 5 0.02  
 12
Mg6 1870 69 0.72 
1580 93 2.77 
1369 34 0.75 
1341 37 0.81 
1230 53 3.30 
1181 85 15.70 
1103 125 25.38 
1020 158 40.94 
893 50 1.59 
843 53 1.26 
818 36 1.31 
797 28 3.03 
778 20 0.95 
760 41 0.81 
725 40 0.57 
694 16 0.11  
3684 61 2.03 
3636 30 0.50 
3611 130 3.74 
3512 152 3.93 
3403 200 8.86 
3275 272 9.49 
3080 222 2.10 
2962 29 0.25 
2926 37 1.04 
2900 130 2.91 
2855 27 0.25 
1871 127 1.31 
1607 57 0.66 
1572 55 0.96 
1537 35 0.31 
1517 25 0.13 
1347 57 0.94 
1234 55 3.20 
1192 76 9.29 
1146 92 12.28 
1058 132 19.78 
979 81 7.18 
912 90 2.88 
830 115 2.54 
791 86 2.72 
788 35 0.66 
722 57 0.95 
683 33 0.27 
   
    
3677 62 1.94 
3606 115 7.55 
3512 177 13.60 
3374 278 19.47 
2956 45 1.69 
2927 29 1.64 
2903 38 1.49 
2875 32 0.68 
2854 30 0.94 
2844 83 1.04 
2202 56 0.18 
1998 65 0.20 
1945 88 0.43 
1866 60 0.46 
1796 121 0.85 
1682 38 0.09 
1592 102 3.60 
1518 79 0.96 
1413 78 0.65 
1377 258 3.53 
1230 53 1.68 
1182 103 15.73 
1059 175 56.59 
974 73 2.42 
893 104 6.87 
809 79 2.69 
794 23 0.80 
777 28 0.92 
734 74 1.28 
688 21 0.07  
3610 141 1.33 
3494 251 1.19 
1969 82 0.35 
1861 74 0.65 
1791 50 0.11 
1608 102 0.72 
1586 60 0.73 
1504 104 1.32 
1403 49 0.36 
1225 65 3.86 
1175 94 13.74 
1057 177 63.83 
967 80 3.28 
895 66 2.55 
826 86 2.93 
786 51 2.23 
730 57 0.76 
688 19 0.06  
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Intensity 
%  
Band 
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%  
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Width 
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%  
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Band 
Width 
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Relative 
Intensity 
%  
Ni6 3652 30 0.39 
3553 100 1.18 
1335 38 1.01 
1286 42 0.95 
1188 96 24.92 
1105 89 30.80 
1006 133 31.31 
975 21 0.21 
903 95 8.40 
833 54 0.83  
1266 72 $2.81 
1183 95 $25.56 
1104 84 $27.53 
1007 143 $35.59 
899 93 $7.63 
831 52 $0.89  
1259 38 0.37 
1169 95 17.71 
1098 86 27.82 
1006 139 43.62 
899 88 9.79 
836 40 0.69  
1256 91 2.89 
1164 86 10.16 
1095 95 21.53 
995 197 50.01 
900 65 1.79 
841 148 10.72 
715 84 2.89  
1264 60 1.81 
1153 130 7.59 
1082 112 31.78 
968 132 43.54 
899 56 3.56 
849 97 11.72 
    
Ni4Mg2 3664 59 2.73 
3587 125 2.97 
3495 187 6.07 
3068 137 1.36 
2189 62 0.41 
1574 54 1.23 
1522 85 2.82 
1431 96 6.32 
1315 63 4.07 
1215 87 20.32 
1128 108 30.30 
1066 57 1.21 
1023 88 16.60 
958 58 3.38 
793 16 0.21  
3579 178 2.17 
3064 146 2.07 
1438 44 0.66 
1335 49 2.29 
1221 39 1.07 
1185 133 46.53 
1130 53 4.18 
1082 83 17.10 
1019 85 17.32 
955 71 6.12 
791 21 0.47  
1376 13 0.37 
1346 40 0.90 
1203 115 44.81 
1131 78 16.76 
1059 101 26.35 
993 70 7.89 
949 46 2.58 
789 17 0.34  
1276 53 3.39 
1211 83 26.22 
1134 93 33.55 
1054 92 23.46 
995 76 9.72 
948 55 3.21 
789 23 0.45  
1276 72 4.78 
1203 85 21.92 
1141 84 23.99 
1098 17 0.23 
1071 115 30.59 
1018 44 3.16 
973 69 11.73 
922 41 1.18 
792 78 1.81 
747 27 0.60  
Ni2Mg4 1237 44 7.04 
1203 60 14.43 
1233 37 5.81 
1200 55 15.07 
1226 34 6.49 
1194 51 17.32 
1225 34 4.75 
1194 48 14.33 
1294 36 1.91 
1180 116 38.26 
 14
1143 100 44.45 
1048 94 29.52 
977 44 1.79 
855 8 0.08 
844 15 0.34 
829 25 1.13 
805 23 0.86 
804 3 0.01 
790 14 0.35  
1143 89 39.64 
1054 101 33.87 
977 49 2.18 
847 18 0.34 
829 27 1.32 
803 24 1.13 
787 15 0.64  
1141 78 41.51 
1073 74 23.34 
1027 51 7.43 
881 13 0.30 
863 23 1.41 
824 41 1.03 
797 24 0.78 
783 16 0.39  
1153 65 24.05 
1099 84 36.20 
1038 66 15.03 
999 51 3.61 
806 34 0.93 
784 21 0.82 
770 12 0.29  
1083 64 25.79 
1010 68 29.01 
971 45 5.03  
Mg6 3644 94 0.09 
3563 136 0.43 
1960 78 0.36 
1855 86 0.79 
1787 41 0.1 
1582 77 0.78 
1486 154 1.56 
1222 63 3.12 
1175 92 10.41 
1051 207 74.99 
885 49 1.12 
815 84 2.99 
785 34 0.62 
750 117 2.64  
1971 99 0.5 
1843 133 1.37 
1571 137 1.21 
1206 79 6.64 
1154 97 10.39 
1043 206 69.05 
881 53 1.34 
821 67 1.79 
784 57 6.55 
735 78 1.17  
1964 79 0.41 
1840 136 1.56 
1585 79 0.44 
1205 78 7.45 
1152 91 10.35 
1042 194 74.6 
879 50 1.09 
820 64 1.54 
782 50 2.12 
734 46 0.43  
1960 88 0.49 
1834 140 1.71 
1586 75 0.37 
1194 94 10.03 
1142 90 2.99 
1040 203 78.66 
877 52 1.20 
820 67 1.60 
780 53 2.34 
731 50 0.61  
1951 71 0.24 
1827 132 1.16 
1587 83 0.24 
1185 125 13.55 
1133 162 19.54 
1015 188 58.35 
888 54 0.93 
831 87 2.64 
778 62 2.42 
727 57 0.92  
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